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HIGHLIGHTS 


•  Cu@CuPt  core@shell  nanowires  were  synthesized  in  organic  solvent  medium. 

•  PtCu  nanowires  exhibit  superior  catalytic  activity  toward  the  oxygen  reduction  reaction. 

•  PtCu  nanowires  show  much  better  durability  than  the  commercial  Pt/C  catalyst. 

•  Theoretical  studies  are  used  to  understand  the  mechanism  of  enhanced  ORR  activity. 
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Pt-based  core-shell  electrocatalysts  with  one-dimensional  (ID)  nanostructure  show  a  great  opportunity 
to  improve  the  catalytic  activity  and  durability  of  pure  Pt  catalyst  for  oxygen  reduction  reaction  (ORR). 
Here,  we  synthesize  Cu@CuPt  core@shell  nanowires  (NWs)  with  ID  nanostructure  by  using  Cu  NWs  as 
templates  in  organic  solvent  medium.  The  ORR  mass  activity  and  specific  activity  of  PtCu  NWs  are 
0.216  A  mgpt1  and  0.404  mA  cm-2  at  0.9  V,  respectively,  which  are  3.1  and  3.7  times  larger  than  that  of  the 
commercial  Pt/C  catalyst  (0.07  A  mgpt1  and  0.110  mA  cm-2,  respectively).  Theoretical  studies  suggest  that 
the  electronic  effect  of  the  Cu  substrate  on  the  Pt  monolayer  could  be  the  main  reason  for  the  higher 
activity  of  PtCu  NWs  than  that  of  the  commercial  Pt/C  catalyst.  In  addition,  the  PtCu  NWs  show  much 
better  durability  than  the  commercial  Pt/C  catalyst  after  stability  test.  It  is  expected  that  the 
as-synthesized  PtCu  NWs  in  organic  solvent  medium  could  be  excellent  candidates  as  high  performance 
catalysts  for  ORR. 

©  2014  Elsevier  B.V.  All  rights  reserved. 


1.  Introduction 

Proton  exchange  membrane  fuel  cells  (PEMFCs)  are  considered 
to  be  a  promising  energy  conversion  device  for  the  future  energy 
application  [1,2].  As  is  well  known,  the  platinum  materials  have 
been  regarded  as  the  most  effective  cathode  electrocatalysts  for  the 
oxygen  reduction  reaction  (ORR)  in  PEMFCs  [3,4  .  However,  the 
high  cost,  the  kinetic  limitation  of  ORR  at  the  cathode,  and  the 
durability  issues  are  the  main  barriers  for  the  commercial  appli¬ 
cations  of  pure  Pt  catalysts  [5-7  .  Therefore,  most  investigations 
have  focused  on  Pt-based  bimetallic  catalysts  such  as  core-shell 
nanomaterials  or  alloying  Pt  with  less  expensive  early  transition 
metals  [8-10],  including  Fe  [11,12],  Co  [13,14],  Ni  [15,16],  and  Cu 
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[17,18  ,  in  order  to  develop  more  active  and  durable  catalysts  that 
are  superior  to  the  commercial  carbon-supported  platinum  (Pt/C) 
catalyst.  Clearly,  when  a  thin  shell  of  Pt  or  Pt  alloy  is  deposited  on 
the  non-Pt  core  as  a  Pt-based  core-shell  structure,  both  its  activity 
and  durability  are  greatly  enhanced  [19-21  .  In  addition,  when  Pt- 
based  catalysts  are  prepared  in  one-dimensional  (ID)  nano¬ 
structure  with  a  controlled  shape  and  a  high  platinum  surface  area, 
they  can  be  highly  efficient  electrocatalyst  for  the  ORR  [22,23]. 
Moreover,  these  catalysts  with  ID  nanostructure  would  demon¬ 
strate  better  durability  than  the  commercial  Pt/C  catalyst  due  to  the 
large  surface  contact  and  strong  adherence  between  these  products 
and  carbon  support  [22-24]. 

In  general,  Pt-based  core-shell  electrocatalysts  with  ID  nano¬ 
structure  are  synthesized  by  using  inexpensive  templates,  and  the 
size  and  morphology  of  the  final  product  can  be  mainly  determined 
by  using  templates  with  different  sizes  and  shapes  [25,26  .  Cu  has 
been  regarded  as  an  important  template  to  synthesize  Pt-based 
core-shell  electrocatalysts  with  ID  nanostructure,  due  to  its  low 
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cost  and  facile  synthesis  [27,28].  In  previous  work,  Lei  et  al.  [29] 
synthesized  ID  PtCu  nanotubes  consisting  of  a  PtCu  alloy  bulk 
and  a  Pt-enriched  surface  by  using  Cu  nanowires  (NWs)  as  tem¬ 
plates  in  an  aqueous  solution.  Moreover,  Yan  et  al.  [28]  prepared  Pt 
coated  Cu  NWs  with  the  size  of  approximately  100  nm  by  using  an 
aqueous  method.  More  interestingly,  the  Cu  NWs  can  also  be  syn¬ 
thesized  in  an  organic  media  with  high  size  selectivity  [30],  making 
them  promising  as  templates  to  synthesize  Pt-based  core-shell 
electrocatalysts  with  ID  nanostructure.  However,  to  the  best  of  our 
knowledge,  the  synthesis  of  PtCu  NWs  in  an  organic  media  is  still 
lacking. 

In  this  work,  we  report  a  nonaqueous  method  for  the  synthesis 
of  PtCu  NWs  by  using  Cu  NWs  as  templates  in  organic  solvent 
medium.  We  examine  the  electrocatalytic  activity  and  durability  of 
the  as-synthesized  Cu@CuPt  core@shell  NWs  with  ID  nano¬ 
structure.  When  compared  with  that  of  the  commercial  Pt/C  cata¬ 
lyst,  the  PtCu  NWs  display  substantial  ORR  activity.  It  is  found  that 
the  ORR  mass  activity  and  specific  activity  of  PtCu  NWs  are  3.1  and 
3.7  times  larger  than  that  of  the  commercial  Pt/C  catalyst,  respec¬ 
tively,  which  is  explained  by  theoretical  calculations.  In  addition, 
the  durability  of  the  PtCu  NWs  is  significantly  superior  to  that  of  the 
commercial  Pt/C  catalyst.  Our  results  show  that  the  as-synthesized 
PtCu  NWs  in  organic  solvent  medium  could  be  excellent  candidates 
as  high  performance  catalysts  for  ORR. 

2.  Experimental  section 

2.1.  Synthesis 

2.1.1.  Chemicals 

Cupric  (II)  acetylacetonate  (Cu(acac)2),  oleylamine,  1- 
octadecene,  nickel  chloride  hexahydrate  (NiCl2-6H20),  and 
dimethyl  distearylammonium  chloride  (D1821)  were  purchased 
from  Aladdin.  Platinum  (II)  acetylacetonate  (Pt(acac)2)  was  pur¬ 
chased  from  J&K  Chemical.  Commercial  platinum/carbon  catalyst 
(Hispec  3000,  20%  Pt/C)  was  received  from  Johnson  Matthey.  Car¬ 
bon  black  (Vulcan  XC-72R)  was  obtained  from  Cabot  Company. 
5  wt.%  Nation  solution  was  obtained  from  DuPont  Company.  All 
chemicals  were  used  without  further  purification. 

2.1.2.  Synthesis  of  Cu  NWs 

Cu  NWs  were  achieved  by  a  reduction  of  Cu(acac)2  with  the 
presence  of  NiCl2  -6H20  and  D1821  in  oleylamine  medium.  Briefly, 
0.4  mmol  Cu(acac)2,  0.2  mmol  NiCl2-6H20,  and  0.25  mmol  D1821 
were  dissolved  in  8  ml  of  oleylamine  in  a  25  ml  three-neck  round- 
bottle  flask  and  kept  at  100  °C  for  20  min  with  a  strong  agitation 
under  a  nitrogen  (N2)  stream.  The  flask  was  then  heated  to  185  °C 
for  several  minutes  and  sustained  for  3  h.  Vigorous  stirring  was 
maintained  throughout  all  the  syntheses.  After  cooling  to  the  room 
temperature,  the  Cu  NWs  were  achieved  by  centrifugation  after 
adding  sufficient  hexane  at  10,000  rpm  for  10  min  and  repeated 
this  procedure  more  than  three  times.  The  product  was  dried  in  N2 
atmosphere  to  protect  the  Cu  NWs  from  oxidation  afterward. 

2.1.3.  Synthesis  of  PtCu  NWs 

A  typical  procedure  for  synthesizing  PtCu  NWs  is  as  follows: 
0.15  mmol  Cu  NWs  was  dissolved  in  10  ml  of  1-octadecene,  and 
then  dispersed  by  ultrasonic  irradiation  for  more  than  10  min. 
Subsequently,  they  were  added  into  a  25  ml  three-neck  flask  and 
heated  to  205  °C  under  a  N2  stream.  A  Pt(acac)2  solution 
(0.02  mmol  Pt(acac)2  dissolved  in  10  ml  1-octadecene)  was  added 
into  the  vigorously  stirred  solution  for  10  min  and  the  temperature 
was  kept  at  205  °C  for  3  h.  The  resultant  product  was  isolated  by 
centrifugation  after  adding  a  sufficient  amount  of  hexane  and 
acetone,  and  then  repeated  this  procedure  for  several  times. 


Subsequently,  the  product  was  suspended  in  10  ml  acetic  acid  for 
2  h  at  room  temperature.  The  final  product  was  separated  from  the 
acid  by  centrifugation  and  washed  with  ethanol  for  several  times, 
and  dried  at  60  °C  overnight. 

2.2.  Characterization 

Powder  X-ray  diffraction  (PXRD)  patterns  were  recorded  using 
Bruker  D8  Advance  X-ray  diffractometer  with  Cu  Ka 
(A  =  0.15418  nm)  radiation  source  at  40  kV,  40  mA.  Transmission 
electron  microscopy  (TEM)  images  were  collected  on  Tecnai  G2  20 
operating  at  200  kV.  The  scanning  electron  microscope  (SEM)  im¬ 
ages  and  energy  dispersive  X-ray  spectroscopy  (EDX)  data  were 
obtained  from  a  Hitachi  S-4800  SEM  operated  at  20  kV.  High- 
Resolution  TEM  (HRTEM)  images  were  collected  on  a  JEOL  JEM- 
2100  transmission  electron  microscope.  EDX  line-scan  analysis 
was  recorded  on  JEOL  JEM-2010f  with  a  high-angle  annular  dark- 
field  scanning  TEM  (HAADF-STEM).  X-ray  Photoelectron  Spectros¬ 
copy  (XPS)  data  were  taken  on  a  ThermoFisher  ESCALAB  250  X-ray 
photoelectron  spectroscopy  with  a  Mg-Ka  source.  Metal  element 
content  was  obtained  by  Inductively  Coupled  Plasma  Atomic 
Emission  Spectrometer  (ICP-AES)  using  Shimadzu  IPCPS-7500. 

2.3.  Catalyst  and  working  electrode  preparations 

Carbon  black  (Vulcan  XC-72)  was  used  as  support  for  preparing 
electrocatalysts.  In  a  typical  preparation,  the  as-prepared  product 
was  mixed  with  carbon  black  at  the  product-to-carbon-black  mass 
ratio  of  1 :4  in  10  ml  hexane.  Subsequently,  the  mixture  was  soni¬ 
cated  for  30  min  and  precipitated  out  by  centrifugation.  The  carbon 
support  samples  were  achieved  after  drying  in  air  overnight. 

The  procedure  of  working  electrode  preparation  for  PtCu  NWs 
and  the  commercial  Pt/C  catalyst  is  as  follows:  10  mg  carbon  sup¬ 
port  sample  was  added  into  a  5  ml  mixture  of  deionized  water, 
isopropanol  and  Nafion  (5%)  at  a  volume  ratio  of  4:1:0.05.  After 
ultrasonic  irradiation  for  at  least  30  min,  15  pL  catalyst  ink  was 
deposited  on  the  glassy  carbon-rotating  disk  electrode  (GC-RDE)  of 
5  mm  diameter.  Actually,  all  the  catalysts  on  RDE  are  approximately 
30.6  pg  cm-2.  The  electrode  was  dried  at  ambient  condition  and 
was  used  as  a  working  electrode  for  further  electrochemical 
studies. 

2.4.  Electrochemical  measurements 

A  three-electrode  cell  was  used  to  do  the  electrochemical 
measurements.  A  platinum  wire  was  used  as  the  counter  electrode 
and  saturated  calomel  electrode  (SCE)  was  used  as  the  reference 
electrode.  The  working  electrode  was  a  GC-RDE  (diameter:  5  mm 
and  area:  0.196  cm2).  All  potentials  were  converted  to  values  with 
reference  to  a  reversible  hydrogen  electrode  (RHE).  The  electrolyte 
was  0.1  M  perchloric  acid  (HCIO4)  diluted  from  70%  using  ultrapure 
water.  Cyclic  voltammograms  (CVs)  were  obtained  by  scanning  the 
potentials  between  0.05  and  1.30  V  versus  RHE  at  a  scan  rate  of 
50  mV  s_1  in  ^-saturated  0.1  M  HCIO4.  ORR  polarization  curves 
were  obtained  by  scanning  the  potentials  from  1.25  to  0.05  V  versus 
RHE  at  a  scan  rate  of  10  mV  s_1  in  oxygen-saturated  (02-saturated) 
0.1  M  HCIO4  with  the  GC-RDE  rotating  at  1600  rpm.  For  ensuring 
N2-saturated  or  02-saturated,  the  0.1  M  HCIO4  solution  was  purged 
with  N2  or  O2  more  than  30  min  prior  to  the  electrochemical 
measurements.  In  addition,  N2  or  O2  was  maintained  over  the 
electrolyte  during  the  measurement.  The  durability  of  the  catalyst 
was  tested  by  cycling  the  potentials  between  0.5  and  1.0  V  versus 
RHE  at  a  sweep  rate  of  50  mV  s-1  in  02-saturated  0.1  M  HCIO4. 

The  electrochemically  active  surface  area  (ECSA)  of  the  catalyst 
can  be  estimated  by  measuring  the  area  of  desorption  of  atomic 
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hydrogen  between  0.05  and  0.40  V  versus  RHE  on  the  curve  of  the 
cyclic  voltammograms.  The  ECSA  was  calculated  based  on  the 
following  relation: 

ECSA  =  QH/(mxqH)  (1) 

where  Qh  is  the  charge  for  hydrogen  desorption,  m  is  the  loading 
amount  of  metal  in  the  electrode,  and  qu  is  the  charge  required  for 
monolayer  desorption  of  hydrogen  on  Pt  (210  pC  cm-2). 

For  the  ORR  at  a  RDE,  the  Koutecky-Levich  equation  can  be 
described  by  the  following  relation: 

1  /!'  =  1  /ik  + 1  Ik  (2) 

where  i  is  the  experimentally  measured  current,  i/<  and  id  are  the 
kinetic  and  diffusion-limited  current  densities,  respectively.  Then, 
the  kinetic  current  was  calculated  based  on  the  following  equation: 

h  =  ( id  x  i)/(»d  -  i)  (3) 

For  each  catalyst,  the  kinetic  current  was  normalized  to  ECSA 
and  the  loading  amount  of  metal  in  order  to  obtain  the  specific 
activity  and  mass  activity,  respectively. 

2.5.  Density-functional  theory  (DFT)  calculations 

DFT  calculations  were  performed  by  using  the  Vienna  Ab-initio 
Simulation  Package  (VASP)  [31-34  .  The  generalized  gradient 
approximation  GGA  of  Perdew,  Burke,  and  Ernzerhof  (PBE)  was 
used  to  describe  the  exchange  and  correlation  potential  [35  .  The 
cutoff  energy  for  the  plane-wave  basis  set  was  set  to  430  eV  in  all 
calculations.  The  Monkhorst-Pack  mesh  k-points  (11  x  11  x  11 )  and 
(5x5x1)  were  used  for  the  bulk  and  slab  calculations,  respec¬ 
tively.  The  convergence  criteria  for  the  electronic  self-consistent 
iteration  and  the  ionic  relaxation  loop  were  set  to  10-4  eV  and 
0.05  eV  A-1,  respectively.  We  employed  the  surface  models  to 
simulate  the  PtCu  NWs  studied  in  our  experiments,  wherein  the  Pt 
monolayer  is  placed  on  the  top  of  the  Cu(lll)  surface,  namely  the 
PtCu(lll)  surface.  The  binding  energy  of  atomic  oxygen  on  the 
PtCu(lll)  and  pure  Pt(lll)  surfaces  was  calculated,  which  was 
considered  as  an  effective  descriptor  for  the  catalytic  activity  to¬ 
ward  the  ORR  in  our  work  [36,37  .  In  DFT  calculations,  the  slab 
alloys  were  modeled  with  a  four-layer  slab  using  a  2  x  2  supercell.  A 
vacuum  gap  of  about  12  A  in  the  z-direction  was  introduced  to 
separate  two  subsequent  slabs.  The  atoms  in  the  top  two  layers 
were  allowed  to  relax,  while  the  atoms  on  the  remaining  two  layers 
were  fixed  at  their  ideal  bulk  positions.  All  adsorbates  were  placed 
on  one  side  of  the  slab.  The  adsorption  energies  of  O  at  different 
adsorption  sites  are  defined  by 

^ads  =  ^adsorbate+surface  —  ^adsorbate  —  ^surface  (4) 

where  Eadsorbate+surface  is  the  energy  of  species  adsorption  on  the 
surface,  ESurface  is  the  energy  of  the  clean  surface,  and  Eadsorbate  is  the 
energy  of  the  isolated  molecule. 

3.  Results  and  discussion 

3.1.  Synthesis  and  characterization  of  Cu  NWs 

Cu  NWs  were  synthesized  by  a  reduction  of  Cu(acac)2  with  the 
presence  of  NiC^  •  6H2O  and  D1821  in  oleylamine  medium  at  185  °C 
(see  Experimental  section  for  details).  Oleylamine  was  used  as  not 
only  the  reducing  agents  but  also  a  solvent.  In  addition,  oleylamine 
and  D1821  were  used  as  capping  agent  to  control  the  morphology 
of  NWs  in  growth. 


XRD  measurement  was  carried  out  to  examine  the  composition 
of  as-prepared  production.  As  shown  in  Fig.  1  A,  the  peaks  at  around 
43.4°,  50.4°,  and  74.3°  correspond  to  the  Cu  (111),  (200)  and  (220) 
diffraction  ones,  respectively.  No  diffraction  peaks  of  Ni  or  CU2O 
impurities  were  observed,  indicating  that  the  as-synthesized  Cu 
samples  are  of  high  purity  and  crystallinity.  In  addition,  the  absence 
of  Ni  or  O  in  Cu  sample  had  also  been  examined  by  the  analysis  of 
the  EDX  results.  Clearly,  there  is  no  characteristic  signal  belonging 
to  Ni  or  O  in  the  EDX  spectra  recorded  from  these  Cu  NWs  (Fig.  IB). 
It  is  noted  that  the  role  of  Ni  in  the  reaction  and  formation  mech¬ 
anism  of  Cu  NWs  had  been  discussed  in  previous  work  [30]. 

The  SEM  and  TEM  images  of  as-prepared  Cu  NWs  are  shown  in 
Fig.  1C  and  E.  The  average  diameter  of  the  Cu  NWs  has  been 
calculated  to  be  24.6  nm  (Fig.  ID)  on  the  basis  of  60  individual 
nanowires  in  low  magnification  image  (see  Fig.  SI 
Supplementary  material).  It  is  found  that  the  as-synthesized  Cu 
NWs  are  smaller  than  these  synthesized  in  aqueous  solvent  [28], 
indicating  that  they  are  more  promising  templates  to  synthesize  Pt- 
based  electrocatalysts.  The  microstructure  of  Cu  NWs  was  further 
characterized  by  using  high  resolution  (HR)  TEM.  The  HRTEM  im¬ 
age  of  Cu  NWs  in  Fig.  1 F  reveals  that  the  lattice  fringe  is  in  the  range 
from  0.205  to  0.209  nm,  corresponding  to  the  (111 )  planes  of  fee  Cu. 

3.2.  Synthesis  and  characterization  ofPtCu  NWs 

PtCu  NWs  were  prepared  by  adding  Pt(acac)2  solution  into  Cu 
NWs  template  in  1-octadecene  medium  at  205  °C  (see 
Experimental  section  for  details).  It  is  found  that  the  ratio  between 
Pt  and  Cu  is  directly  proportional  to  that  of  adding  Cu  NWs  and 
Pt(acac)2.  In  addition,  the  acid  treatment  can  remove  the  surfactant 
coating  and  activate  PtCu  NWs  catalysts. 

The  morphologies  of  PtCu  NWs  were  characterized  by  SEM  and 
TEM,  as  shown  in  Fig.  2.  It  is  found  that  the  as-prepared  PtCu  NWs 
show  a  rough  surface,  which  is  different  from  that  of  Cu  NWs. 
Additionally,  the  average  diameter  of  the  PtCu  NWs  is  calculated  to 
be  36.1  nm,  which  is  much  larger  than  that  of  pure  Cu  NWs 
(24.6  nm),  due  to  the  deposition  of  Pt  on  the  surface  of  the  Cu  NWs. 
Moreover,  the  HRTEM  image  of  PtCu  NWs  in  the  inset  of  Fig.  2B 
reveals  that  the  lattice  fringe  is  in  the  range  from  0.216  to  0.220  nm, 
corresponding  to  the  (111)  interplanar  distance  of  fee  PtCu 
structure. 

The  elemental  compositions  ofPtCu  NWs  were  characterized  by 
SEM  associated  with  EDX  and  ICP-AES.  From  the  EDX  result  (see 
Fig.  S2  in  Supplementary  material),  the  Pt  loading  weight  of  PtCu 
NWs  is  determined  to  be  27.93%.  The  overall  weight  percentage  of 
Pt  in  the  PtCu  NWs  being  measured  by  ICP-AES  is  26.15%,  which  is 
consistent  with  the  EDX  result.  We  also  performed  EDX  line-scan 
analysis  to  forecast  the  structure  of  PtCu  NWs,  as  shown  in 
Fig.  2D.  The  result  collected  from  an  individual  nanowire  (Fig.  2C) 
clearly  shows  that  Pt  exists  at  edge  while  Cu  mainly  concentrates  in 
the  center,  indicating  that  the  PtCu  NWs  is  formed  by  PtCu  alloy 
shell  and  Cu  core. 

Information  on  surface  chemistry  of  the  PtCu  NWs  was  inves¬ 
tigated  by  XPS  (see  Fig.  S3  in  Supplementary  material).  The  Pt 

weight  of  surface  of  PtCu  NWs  has  been  calculated  to  be  70.30%, 
which  is  evidently  higher  than  that  of  overall  PtCu  NWs  (26.15%).  It 
certifies  again  that  Pt  is  enriched  at  the  edge  of  the  PtCu  NWs.  The 
high  and  low  doublets  in  the  XPS  spectroscopy  correspond  to 
metallic  and  oxidized  Pt,  respectively.  It  is  also  found  that  the  Pt4f 
signal  ofPtCu  NWs  shifts  to  lower  binding  energy  compared  to  that 
of  the  commercial  Pt/C  catalyst,  due  to  the  electron  transfer  from  Cu 
to  Pt.  It  is  noted  that  such  an  electron  transfer  and  the  compressive 
surface  strain  (Cu  core)  on  Pt  would  downshift  the  d-band  center  of 
Pt,  which  is  beneficial  to  the  catalytic  activity  and  durability 
[29,38,39]. 
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Fig.  1.  (A)  XRD  pattern,  (B)  EDX  spectrum,  (C)  SEM  image,  (D)  diameter  distribution  image,  (E)  TEM  image  and  (F)  HRTEM  image  of  Cu  NWs. 


3.3.  Electrochemical  properties 

Fig.  3A  shows  the  cyclic  voltammetry  (CV)  curves  of  PtCu  NWs 
and  the  commercial  Pt/C  catalyst,  recorded  at  a  sweep  rate  of 
50  mV  s-1  in  N2-purged  0.1  M  HCIO4  solutions  at  room  temperature 
(25  °C).  In  order  to  obtain  steady  CV  results,  the  working  electrode 
was  cleaned  by  scanning  CV  with  more  than  30  cycles  from  0.05  to 
1.30  V  in  N2-saturated  electrolyte.  The  CV  curves  exhibit  three 
distinctive  potential  regions  associated  with  the  hydrogen 
adsorption/desorption  processes  (H  +  e_  =  Hupd)  in  the  range  from 
0.05  to  0.40  V,  double  layer  region  from  0.40  to  0.60  V  and 
reversible  adsorption  of  OHad  (2H2O  =  OHad  +  HsO+  +  e“)  beyond 
0.6  V,  where  Hupd  and  OHad  refer  to  the  under-potentially  deposited 
hydrogen  and  the  adsorbed  oxygenated  species,  respectively.  The 
electrochemically  active  surface  area  (ECSA)  has  been  obtained  by 
measuring  the  hydrogen  desorption  area.  In  the  calculation,  the 
area  is  acquired  by  integration  and  the  electric  charge  is  assumed  to 
be  210  pC  cm  2  after  double-layer  correction  (see  Experimental 
section  for  details)  [40  .  The  specific  ECSA  (the  ECSA  per  unit 
weight  of  metal)  of  the  PtCu  NWs  and  the  commercial  Pt/C  catalyst 
are  determined  to  be  13.99  and  64.27  m2  g  \  respectively.  Based  on 
the  Pt  mass,  the  ECSA  of  the  PtCu  NWs  and  the  commercial  Pt/C 


catalyst  are  calculated  to  be  53.50  and  64.27  m2  g_1,  respectively.  It 
means  that  PtCu  NWs  provide  a  relatively  high  ECSA,  due  to  the  full 
utilization  of  Pt  on  the  surface. 

The  ORR  measurements  were  performed  in  an  02-saturated 
0.1  M  HCIO4  solutions  by  using  a  glassy  carbon  rotating  disk  elec¬ 
trode  (RDE)  with  a  sweep  of  10  mV  s-1  and  a  rotation  rate  of 
1600  rpm  at  room  temperature  (25  °C).  Actually,  all  the  catalysts  on 
RDE  are  approximately  30.6  pg  cm-2  (see  Experimental  section  for 
details).  Fig.  3B  shows  the  ORR  polarization  curves  for  PtCu  NWs 
and  the  commercial  Pt/C  catalyst  at  the  same  conditions.  For  all  of 
these  catalysts,  the  diffusion-limiting  current  region  ranges  from 
0.05  to  0.6  V  versus  RHE,  whereas  a  mixed  kinetic-diffusion  control 
region  occurs  between  0.6  and  1.0  V  versus  RHE.  The  ORR  half-wave 
potential  (E1/2)  of  the  commercial  Pt/C  catalyst  (0.869  V  versus  RHE) 
is  more  positive  than  that  of  PtCu  NWs  (0.853  V  versus  RHE).  In 
addition,  the  value  of  E\\2  can  be  greatly  affected  by  the  total  Pt 
loading  weight.  In  order  to  compare  the  activities  of  different  cat¬ 
alysts,  the  catalytic  activities  are  also  evaluated  by  mass  activity  and 
specific  activity,  which  are  obtained  by  normalizing  the  kinetic 
current  to  loading  mass  and  the  ECSA  of  Pt,  respectively.  Fig.  3C 
shows  the  mass  activity  and  specific  activity  of  PtCu  NWs  and  the 
commercial  Pt/C  catalyst.  It  is  found  in  Fig.  3C  that  the  PtCu  NWs 
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Fig.  2.  (A)  SEM  image,  (B)  TEM  image,  (C)  HADDF-STEM  image  and  (D)  corresponding  EDX  line  profiles  of  PtCu  NWs.  The  inset  in  (B)  is  HRTEM  of  PtCu  NWs. 


exhibit  the  mass  activity  of  0.216  A  mgpt1  on  the  basis  of  the  Pt  mass 
at  0.9  V  versus  RHE,  which  is  3.1  times  larger  than  that  of  the 
commercial  Pt/C  catalyst  (0.109  A  mgpt1).  In  addition,  as  shown  in 
Fig.  3C,  the  specific  activity  of  PtCu  NWs  is  0.404  mA  cm-2,  which  is 
3.7  times  larger  than  that  of  the  commercial  Pt/C  catalyst 
(0.110  mA  cm-2).  Our  results  show  that  PtCu  NWs  served  as  elec¬ 
trocatalysts  for  ORR  are  much  superior  to  the  commercial  Pt/C 
catalyst. 

Recent  investigations  [26,28,41  have  revealed  that  the  high 
utilization  of  Pt  atoms  on  the  surface  of  a  catalyst  would  enhance 
the  activity.  In  general,  when  most  of  the  Pt  atoms  were  deposited 
on  the  surface,  they  would  be  directly  involved  in  ORR,  which  can 
greatly  increase  the  mass  activity.  In  this  work,  the  PtCu  NWs  were 
prepared  by  depositing  Pt  with  a  controlling  thickness  on  Cu  NWs, 
which  can  improve  the  ORR  activity  by  enhancing  the  Pt  utilization 
and  mass  transport  in  electrolyte.  The  PtCu  NWs  with  ID  structure 
also  can  facilitate  the  diffusion  of  O2  on  the  surface  of  the  catalyst 
compared  to  the  0D  commercial  Pt/C  catalyst  [6]. 

DFT  calculations  are  used  to  understand  the  mechanism  of 
enhanced  ORR  activity,  and  the  models  of  the  PtCu(lll)  and  pure 
Pt(lll)  surfaces  are  shown  in  Fig.  3D.  In  our  calculations,  the 
interaction  of  the  Pt-monolayer  with  the  Cu  support  can  cause  a 
reconstruction  of  electronic  structure  of  surface  Pt  atoms,  when 
compared  with  the  Pt  atoms  in  the  top  layer  of  the  Pt(  111 )  surface.  It 
is  found  that  there  is  a  downshift  in  the  d-band  center  of  surface  Pt 
atoms,  as  shown  in  Fig.  3D.  The  downshift  of  d-band  center  could 
dramatically  enhance  the  catalyst  activity  for  ORR  that  have 
confirmed  by  previous  research  [24,42  .  Table  SI  lists  all  the 
adsorption  energies  of  oxygen  atom  on  these  surfaces  at  different 
adsorption  sites.  As  shown  in  Fig.  3D,  the  downshift  in  d-band 
center  position  is  justly  reflected  in  changes  in  the  adsorption  en¬ 
ergies  of  oxygenated  intermediates  at  the  most  favorable  adsorp¬ 
tion  site.  It  suggests  that  a  single  metric,  which  captures  the 
relationship  between  the  electronic  properties  of  metallic  surfaces 


and  the  adsorption  energies  of  oxygenated  intermediates,  is  the  d- 
band  center  [43  .  Our  results  show  that  the  formation  of  a  Pt 
monolayer  in  the  Cu(lll)  can  shift  the  d-band  center  far  from  the 
Fermi  level  and  result  in  a  reduced  adsorption  strength  of  O, 
benefiting  the  exposure  of  catalyst  activity  sites  and  facilitating 
oxygenated  intermediates  adsorption  and  desorption,  thereby 
increasing  the  ORR  activity  greatly. 

The  durability  of  PtCu  NWs  and  the  commercial  Pt/C  catalyst 
was  tested  by  cycling  the  potential  between  0.5  and  1.0  V  versus 
RHE  at  a  sweep  rate  of  50  mV  s-1  in  02-saturated  0.1  M  HCIO4.  The 
cyclic  voltammetry  and  polarization  curves  for  PtCu  NWs  and  the 
commercial  Pt/C  catalyst  before  and  after  10,000  cycles  are  shown 
in  Fig.  4.  It  is  found  that,  after  10,000  cycles,  80.5%  and  61.6%  of  the 
original  ECSA  are  maintained  for  PtCu  NWs  and  the  commercial  Pt/ 
C  catalyst,  respectively.  In  addition,  the  E\\2  shift  of  PtCu  is  smaller 
than  that  of  the  commercial  Pt/C  catalyst.  It  means  that  the  PtCu 
NWs  show  much  better  durability  than  the  commercial  Pt/C 
catalyst. 

In  order  to  investigate  the  decreasing  tendency  of  ECSA  for  these 
catalysts,  the  ECSA  was  recorded  at  different  cycling  numbers.  The 
normalized  ECSA  in  terms  of  cycling  numbers  for  PtCu  NWs  and  the 
commercial  Pt/C  catalyst  is  shown  in  Fig.  5A.  Evidently,  PtCu  NWs 
exhibit  much  slower  decreasing  tendency  compared  with  the 
commercial  Pt/C  catalyst.  Moreover,  the  mass  activity  and  specific 
activity  of  these  catalysts  before  and  after  10,000  cycles  are  calcu¬ 
lated  and  shown  in  Fig.  5B  and  C,  respectively.  The  mass  activity  loss 
for  PtCu  NWs  is  only  16.5%  after  10,000  cycles,  which  is  less  than 
that  of  the  commercial  Pt/C  catalyst  (43.0%).  In  addition,  the  PtCu 
NWs  has  a  mass  activity  of  0.180  A  mgpt1  and  specific  activity  of 
0.419  mA  cm-2  after  10,000  cycles,  which  are  4.5  and  4.1  times 
larger  than  that  of  the  commercial  Pt/C  catalyst  (0.040  A  mgpt1  and 
0.102  mA  cm-2,  respectively).  As  is  well  known,  the  durability  issue 
of  electrocatalyst  can  be  attributed  to  the  loss  of  ECSA,  which  is 
associated  with  the  corrosion  of  carbon  support,  the  dissolution  of 
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Fig.  3.  Comparison  of  electrocatalytic  properties  of  PtCu  NWs  and  the  commercial  Pt/C  catalyst.  (A)  CVs  of  PtCu  NWs,  and  the  commercial  Pt/C  catalyst  recorded  in  N2-saturated 
0.1  M  HC104  at  a  scan  rate  of  50  mV  s-1.  (B)  ORR  polarization  curves  for  PtCu  NWs  and  the  commercial  Pt/C  catalyst  recorded  in  02-saturated  0.1  M  HC104  at  a  scan  rate  of  10  mV  s  1 
and  a  rotation  rate  of  1600  rpm.  (C)  ORR  mass  activity  and  specific  activity  for  PtCu  NWs  and  commercial  Pt/C  catalyst  at  0.9  V  versus  RHE.  (D)  Models  and  the  d-band  center  of  top- 
layer  atoms  versus  the  adsorption  energy  of  atomic  oxygen  at  the  most  favorable  adsorption  site  for  the  Pt(lll)  and  PtCu(lll)  surfaces. 


Fig.  4.  CVs  of  PtCu  NWs  (A)  and  the  commercial  Pt/C  catalyst  (C)  before  and  after  stability  test.  ORR  polarization  curves  of  PtCu  NWs  (B)  and  the  commercial  Pt/C  catalyst  (D)  before 
and  after  stability  test.  The  stability  test  was  tested  by  cycling  the  potential  between  0.5  and  1.0  V  versus  RHE  in  02-saturated  0.1  M  HC104  at  a  sweep  rate  of  50  mV  s^1  for  10,000 
cycles. 
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theoretical  studies  suggest  that  the  higher  activity  of  PtCu  NWs 
than  the  commercial  Pt/C  catalyst  could  be  mainly  caused  by  the 
electronic  effect  of  the  Cu  substrate  on  the  Pt  monolayer.  In  addi¬ 
tion,  the  PtCu  NWs  maintain  higher  relative  ECSA  and  ORR  activity 
compared  with  the  commercial  Pt/C  catalyst  after  stability  test.  Our 
results  show  that  the  as-synthesized  PtCu  NWs  in  organic  solvent 
medium  can  improve  the  activity  and  stability  of  the  commercial 
Pt/C  catalyst,  which  could  potentially  be  used  as  high  performance 
electrocatalysts  for  ORR. 
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Fig.  5.  (A)  ECSA  change  of  PtCu  NWs  and  the  commercial  Pt/C  catalyst  as  a  function  of 
cycles  during  stability  test.  ORR  mass  activity  (B)  and  specific  activity  (C)  for  PtCu  NWs 
and  the  commercial  Pt/C  catalyst  at  0.9  V  before  and  after  stability  test. 

Pt  and  the  aggregation  of  Pt  nanoparticle  [44,45  .  In  this  work,  PtCu 
NWs  with  micrometer  scale  length  can  strengthen  the  adherence 
with  carbon  black  and  decrease  the  aggregation  and  dissolution  of 
Pt,  thereby  decreasing  the  loss  of  ECSA  and  enhancing  durability. 

4.  Conclusions 

In  summary,  a  nonaqueous  method  was  explored  to  synthesize 
Cu@CuPt  core@shell  nanowires  (NWs)  with  one-dimensional  (ID) 
nanostructure  by  using  Cu  NWs  as  templates  in  organic  solvent 
medium.  The  electrochemical  measurements  reveal  that  the  as- 
synthesized  PtCu  NWs  exhibit  mass  activity  and  specific  activity 
of  0.216  A  mgpt1  and  0.404  mA  cm-2  at  0.9  V,  which  are  3.1  and  3.7 
times  larger  than  that  of  the  commercial  Pt/C  catalyst.  Our 
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Appendix  A.  Supplementary  data 

Supplementary  data  related  to  this  article  can  be  found  at  http:// 
dx.doi.org/10.1016/j.jpowsour.2014.05.104. 
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